Because potential Naturally Occurring Radioactive Materials (NORMs) generated from oil and gas extractions in Albania have been disposed without regulatory criteria in many decades, an extensive survey in one of the most productive regions (Vlora-Elbasan) has been performed. Among 52 gammaray spectrometry measurements of soil, oil-sand, sludge, produced water and crude oil samples, we discover that relatively low activity concentrations of 226 to be 20 ± 5 Bq/kg, 25 ± 10 Bq/kg, 25 ± 9 Bq/kg and 326 ± 83 Bq/kg, respectively. Based on these arguments, the future radiological assessment of other fields in the region can be strategically planned focusing on the oil-sands from molasses sediments. No disequilibrium in the 228 Ra decay segment has been observed in soil, sludge and oil-sand samples within the standard uncertainties. After a detailed radiological characterization of the four main oilfields, we can conclude that the outdoor absorbed dose rate never exceeds the worldwide population weighted average absorbed dose rate in outdoor air from terrestrial gamma radiation.
Introduction
Petroleum exploration and production in Albania began in the second decade of the 20 th century in the Vlora-Elbasan Region, which is characterized by Neogene clastic deposits. The primary oil extraction technique in Albania uses beam pumps, which exploit the pressure of the gas in the reservoir, forcing oil out and into the well. Recently, several secondary recovery techniques, such as water and steam injection, have been employed in pilot wells in the area, leading to an increase in the oil production rate. In the future, the use of unconventional methods of shale gas extraction such as "fracking" is not excluded. All these techniques may cause Naturally Occurring Radioactive Materials (NORMs) to rise to the surface as part of the flow back and production brine. In general in the oil and gas industry, specific attention is dedicated to the contamination of the oil equipment and of the oilfield area by NORMs (e.g., scale, sludge and produced water).
Several environmental studies have shown that the release of produced water into the oil well's surroundings, into decantation plants and into oil spillage sites can result in serious soil, water and air NORMs produced by the oil and gas industry are residues enriched with radium isotopes that originate from the uranium and thorium present in reservoir rocks. Indeed, whereas both uranium and thorium are present in hydrocarbon reservoir rocks and are essentially insoluble under reducing conditions, their progenies 226 Ra and 228 Ra concentrate in formation waters. For this reason, 226 Ra and 228 Ra are unsupported by the long-lived uranium and thorium parent radionuclides, and due to their halflives of 1600 yr and 5.75 yr, respectively, they tend to accumulate in formation water. Produced water (i.e., water brought to the surface) may contain various cations in solution, such as barium, calcium, and strontium, as well as sulfate and carbonate anions, with which radium can consequently co-precipitate as radium sulfates or radium carbonates. This effect can lead to the subsequent formation of scales in oil and gas equipment, for which the 226 Ra and 228 Ra specific activities can be as high as 1500 × 10 4 Bq/kg and 280 × 10 4 Bq/kg, respectively, though highly variable concentrations are typically observed (Xhixha et al. 2013 ). Furthermore, sludge wastes (mixture of crude oil, oil-sand and soil) can also be generated, which show slightly lower activity concentrations with respect to scales, up to 350 × 10 4 Bq/kg and 205 × 10 4 Bq/kg, respectively, for 226 Ra and 228 Ra (Xhixha et al. 2013 ). However, no study up to now has been performed on oil-sands wastes produced during heavy oil extraction.
This study is the first investigation of the radioactivity concentration in soils, oil-sands, sludges, crude oil and produced water from the KUçova (KU), MArinza (MA), BAllsh (BA) and HEkali (HE) oilfields. This original dataset will provide baseline information concerning possible contaminations due to oil-sands. The geological framework and mineralogical analysis provide an exhaustive interpretation of the radiometric data. This analysis will allow the assessment of the environmental and human impact of the oil industry's activities on the four areas. Moreover, these results may lead to the implementation in the Albanian legislation of the European recommendations regarding the "Basic Safety Standards for the protection against dangers arising from exposure to ionizing radiation (CD 2013/59/EURATOM, 2014)".
Material and Methods

Geological setting of the study area
Albania is part of the Alpine Mediterranean Mountain belt and can be subdivided into two groups of tectonic units with NNW -SSE orientation: the Inner Units, characterized by intense deformation comprising ophiolites and metamorphic rocks, and the Outer Units, which are made up of regional thrusts involving sedimentary rocks of Triassic to Pliocene age (Prifti and Muska 2013). The main rocks characterizing the units of the two groups, according to the tectonic scheme, are shown in Figure 1 . The Outer Units are affected by a major transfer zone, i.e., the Vlora-Elbasan lineament, along which most of the oil and gas fields occur (Roure et al. 2010 ).
The onshore petroleum extraction in Albania is primarily located in the IONian unit (ION) and in the Durrës Basin, also referred to as the Peri-Adriatic Depression (PAD 
Sample collection
Kuçova oilfield
The Kuçova (KU) oilfield is located in the central eastern part of the Durrës Basin and extends along a flat surface of approximately 14 km 2 . The area is covered by alluvial sediments that are investigated with 21 soil samples ( Fig. 2 (KU) ), collected at a depth of 0-10 cm, with the aim of characterizing the terrestrial component of the outdoor absorbed dose rate. According to the classification of USDA Soil Taxonomy, the textural characteristics of the soil samples are overall sandy (percentage of sand > 50%
for most of the samples) with medium amounts of silt (approximately 30%) and low amounts of clay (<20%).
The hydrocarbon reservoir is set in the Driza, Gorani, Kuçova and Polovina members of the Tortonian-Messinian molasses sediments (PAD). In particular, the oil being extracted is accumulated in sand lenses ( water and crude oil were collected in polyethylene bottles directly from the decantation plants.
Marinza oilfield
The Marinza (MA) oilfield, located in the southeastern part of the Durrës Basin, is the northern part of the Patos-Marinza oilfield system that extends for 5 km WE and 14 km NS. The wide plain is covered by alluvial sediments that are investigated for radiological assessment with 3 soil samples ( Fig. 2 (MA) ) classified according to their texture as clay-loam with sand < 40% (less than Kuçova soil), clay at 35%
and silt at 25%.
The Driza, Gorani, and Marinza members of the Tortonian-Messinian molasses formation (PAD) are the main hydrocarbon reservoirs. The multiple layers of unconsolidated fine grain sandstone are located at a depth ranging from 900 to 2000 m. The depositional environment is a marine environment with fluvial-channel and shore face deposits. In some cases, the underlying fractured carbonates (ION), which are located below a major unconformity ( 
Ballsh-Hekali oilfield
The Ballsh-Hekali oilfield system is located in a hill area 29 km SE of Fieri. The radiological assessment of the two distinct fields, Ballsh (BA) and Hekali (HE),was performed by collecting 3 and 5 soil samples, respectively ( Fig 
Sample preparation and measurements
HPGe gamma-ray spectrometry measurements
The samples were homogenized to a grain size of less than 2 mm and dried for at least 24 h at a temperature of 105°C until a constant weight was achieved. Produced water and crude oil were collected in polyethylene bottles directly from the decantation plants at the KU oilfield. The samples were then transferred in cylindrical polycarbonate boxes of 180 cm 3 volume, sealed hermetically and left undisturbed for at least four weeks prior to being measured with a HPGe gamma spectrometer to establish radioactive equilibrium in the 226 Ra decay chain segment.
The samples were measured using the MCA_Rad system described in 
X-ray diffractometry measurements
Before undergoing mineralogical analysis, the samples were dried at 50°C for a few hours and gradually grounding on agate mortar to preserve the crystalline structure of the minerals. The XRD patterns of oriented and random samples were recorded using a GNR APD2000PRO diffractometer, with Cu Kα radiation and a graphite monochromator, operating at 40 mA and 40 kV. X-ray diffractometry of 5 samples was carried out with the divergence and scatter slits set at 1° and the receiving slit at 0.2 mm. The step size and the counting time were 0.03° (2 and 3s/step, respectively.
A quasi-random orientation of powder samples was obtained by filling a side-entry aluminium holder.
The XRD patterns were processed by the SAX Analysis software and the identification of minerals was based on the comparison with PDF-2 reference data supplied from the International Centre for Diffraction Data (ICCD 2013). A semi-quantitative analysis of the minerals identified by XRD was calculated based onchemical analysis, thermogravimetric data related to volatile components and the Reference Intensity Ratio method.
Results and Discussion
Activity concentrations in soil samples
The results for the 40 
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(32 -58) However, the higher activity concentrations observed in the HE oilfield can be a consequence of either different host rocks or differences in the geomorphological structure (slope debris) with respect to the KU and MA oilfields. Indeed, the genetic processes of soils originated on carbonate substrates tend to enrich the sediments, in particular with uranium and thorium; this may be the case for the soils from the HE oilfield (Greeman et al. 1999) . 137 Cs was observed only in the soil samples and with highly variable concentrations: the average concentration is 6 ± 4 Bq/kg in the KU oilfield, 14 ± 6 Bq/kg in the BA oilfield, 9 ± 9 Bq/kg in the HE (Fig. 4) (hereafter, assuming secular equilibrium, reported as Th/U, U/K and Th/K, respectively) are summarized in Appendix B and studied to understand the hidden geochemical patterns of the analyzed samples. We observe in general that the activity concentration ratios in the soil samples show a specific signature (confirmed at ±1σ) over the oilfield reservoirs, which allows us to attribute a clastic sedimentary origin to them (main constituents of the PAD unit, see Figure 1) . Indeed, the measured activity concentration ratios Th/U, U/K and Th/K are comparable with the average activity concentration ratios in sandstone, which are 1.06, 0.062 and 0.068, respectively, and in shale, which are 1.07, 0.055 and 0.058, respectively (Van Schmus et al., 1995). This is reasonable as the soils originated in alluvial deposits overlaying the PAD unit.
The oil-sand samples (discussed later) also have similar ratios (Fig. 4) (Figure 4b and 4c) . The discrimination between the two oilfields has also been achieved via a mineralogical analysis ( Table 2) performed for oil-sand samples collected in different wells from the KU and MA oilfields. These results confirm that the KU oilfield reservoir is located in sandy lenses belonging to the PAD (absence of dolomite and very low calcite, along with the presence of muscovite and chlorite and an increase in Kfeldspar), while the MA oilfield reservoir is located in the fractured limestones of the ION (presence of calcite and dolomite) (see Figure 1 ). This interpretation is also supported by the observation of a higher radioactivity content in the KU oilfield samples (more radioactive sandy lenses) with respect to to that of the MA oilfield (less radioactive limestones) (Figure 4) . The KU oil-sand samples are characterized by a significant terrigenous content (deep-sea sediments transported to the oceans by rivers from land sources) made up of quartz, feldspars, mica, chlorite and a very low amount of calcite. The presence of chlorite and muscovite minerals confirms the geodynamic model that predicts a dismantling of the magmatic rocks belonging to the Inner Units. In particular, the chlorite could be formed by the alteration of other silicate minerals that contain Mg and Fe (e.g., olivine, augite (pyroxene), hornblende, and biotite), which is typical of ophiolitic suites (deep-sea marine sediments overlying, from top to bottom, pillow basalts, sheeted dikes, gabbro, dunite, and peridotite).
Activity concentrations in the sludge samples
Activity concentration in the oil-sand samples
The percentages of Quartz, Feldspar and Lithics (QFL) (plotted in the ternary diagram of In the MA oilfield, the depth provenance of oil-sand is greater with respect to that of the KU oil-sand samples due to the geological structure and to the existence of deep stratigraphic traps. In particular, the MA oil-sand samples come from a reservoir that is located near a planar discontinuity called a "major unconformity" (dashed line in Fig. 3 Sect. BB'). The higher calcite content ( Table 2 ) of both MA oilsand samples indicates that the reservoir is located in the carbonate source rock (ION) or near the interface with overlying molasses sediments (PAD) (see Figure 1) . The data from MA and KU in the QFL (Quartz, Feldspar and Lithics) confirm our analysis. In particular, the MA oil-sands are the result of recycled orogens. The deformation and uplift of supracrustal strata include sedimentary and volcanic rocks exposed in varied fold-thrust belts of orogenic regions. The lower radioactivity content fits perfectly with the geodynamic framework and the mineralogical nature of the oil-sand reservoir. In particular, the source rock with clear calcite content, which is typical for the ION, seems to lack radionuclides, making the extracted oil-sands a negligible source of NORM.
Radiological Assessment
The absorbed dose rate (DR) in air from external gamma radiation at 1 m above ground level due to the presence of uniformly distributed natural radionuclides in measured soils is calculated according to 
2000).
The average outdoor absorbed dose rates (at ±1σ uncertainty) from the sludge and oil-sand samples are reported in Table 1 , which range between 27 and 50 nGy/h. Assuming the worst case scenario in the KU oilfield, which corresponds to oil-sands uniformly distributed over the topsoil, the absorbed dose rate was estimated to increase on average 50%, i.e., to a maximum value of 47 ± 2 nGy/h. In the same hypothesis, we observe a decrease in the absorbed dose rate for the other oilfields. Therefore, negligible radiation exposure to workers in the oil and gas industry can occur from increased gamma dose rates due to the relatively higher radioactivity content in the oil-sand residues in the KU oilfield.
The radiological hazard for workers and populations living in the oilfield areas is evaluated in terms of the Annual Effective Dose Rate (AEDR). The evaluation of the AEDR was performed by adopting an outdoor time occupancy factor equal to 20% and a conversion factor of 0.7 (Sv/Gy), which accounts for the dose rate's biological effectiveness in causing damage to human tissues.
The results concerning the radiological assessment are summarized in Table 1 . The annual outdoor effective dose rate of 0.05 ± 0.01 mSv/y associated to the radioactive content in soils is lower than the worldwide annual effective dose value of 0.07 mSv/y, as reported by UNSCEAR (2000). Considering the worst-case scenario described above, we predict an increase in the AEDR of approximately 0.02 ± 0.01 mSv/y for the KU oilfield. This value is negligible considering the recommended excess limit of an effective dose for the local population (1 mSv/y). Therefore, in the KU, MA, BA and HE oilfields, there is no concern from a radiological point of view.
Conclusions
This study is the first screening campaign on the identification and monitoring of oil and gas industry processes involving NORMs. Accordingly, the KU, MA and BA-HE oilfields are chosen as pilot study areas, where secondary recovery techniques for oil extraction have recently been introduced. arguments are used to describe the observed activity concentrations in different oilfields. The higher radioactivity content observed in the soils from the HE oilfield with respect to that from the KU oilfield was attributed to both the carbonate origin of the host rocks and to different geomorphological structure.
Indeed, bibliographic studies confirm that soils that originate on carbonate substrates tend to enrich the sediments in uranium and thorium. In the case of the KU and MA oilfields, which are part of the same hydrographic basin, the increasing trend for the activity concentrations of thorium progenies gives an indication on the selective deposition and, as supported by bibliographic studies, on the occurrence of heavy placer deposits along the Adriatic Sea's shore. According to the Th/U, U/K and Th/K ratios, the origin of the soil samples can be reasonably connected to alluvial deposits overlaying the PAD unit.
The activity concentrations in the sludge samples are reasonably understood when considering sludges as a mixture of soil, crude oil, and oil-sand. This study is the first one reporting results on the activity concentrations in oil-sand samples generated during heavy oil extraction. Based on this geological framework, the future radiological assessment of other fields in the region can be strategically planned to focus on the investigation of the oil-sands from Neogene molasses deposits.
The absorbed dose rate and annual effective dose rate were calculated to assess the radioactive exposure of workers or members of the public due to NORMs produced in the oil and gas industry, in compliance with EU recommendation. Assuming the worst case scenario, i.e., that sludge and oil-sands are uniformly distributed over the topsoil, the absorbed dose rate and the AEDR of the KU oilfield were estimated to increase on average by a maximum of 50%, i.e., to a maximum value of 47 ± 2 nGy/h or the corresponding 0.06 ± 0.01 mSv/y. In the other investigated oilfields, the impact of industrial processes has been estimated to be negligible. Considering the worldwide annual effective dose value of 0.07 mSv/y associated to the radioactive content in soils and the recommended excess limit of an effective dose for the local population of 1 mSv/y, we conclude that there is no concern from a radiological point of view in the KU, MA, BA and HE oilfields.
